CODALEMA experiment

COsmic ray Detection Array with Logarithmic ElectroMagnetic Antennas
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UHCR studies

address the problematic of the

ORIGINE
&
NATURE

of the cosmics
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Radio-emission framework



L a radiodétection

1962: Prédiction théorique - effet Askar'yan
1964-45: Premiere expérience - T.C. Weekes

Milieu 70 ': Méthode délaissée difficultés d'interprétation et de
détection + succes d'autres techniques

Fin 90 ’: Redécouverte dans milieux denses (glace, sel) =>neutrinos
En 1999: Preuve du principe sur accélérateur (sable, D. Saltzberg,)
En 2000 : Expérience sur CASA-MIA (K.Green et al., 2003, N.L.M. A, 498)

En 2002 <«=mm Expérience LOPES sur KASCADE
Expérience CODALEMA de SUBATECH

En 2005: <4 H. Falcke et al., Nature, May 19, 2005
P. Lautridou et al. NIM A555 2005 & astro-ph 2003-2005




Les résultats expéerimentaux de 1970

H.R Allan, Prog. in Elem. Part. Cosmic Ray Phys., 1 0 (1971), p.171

« Deéveloppements théoriques baseés sur uaealyse frequentielledu signal
1 antenne resonant€Af=1 MHz)
encoincidencesavec des détecteurs de particules chargees au sol
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Des certitudes mais ....des incohérences (Haverah Raiyakutsk,...)



Origine du champ électrigue %

90% de y (>50keV) Champ proche (Cerenkov) :
9% d's (>250keV) - .dqnsll’.axe de Iz gerlitio(~200 m)
0,9% u (>1GeV) - impulsions rapides ( ns)

0.1% hadrons

» Exces de charge: e-/e+
monopole
* Effet géomagnétique F=qVxB
dipole

Champ lointain :
- hors de I'axe de la gerbe (~km)
- impulsions lentes (> 100 ns)

4 Emission par courant
Dipolaire ou Synchrotron ?
4 Emission Cerenkov ?

favorable pour' les ger'bes inclinées



Théorie: quelle approche?

Analyses en frequence (1970) =epen forme d’onde (2000)
Cadre préliminaire (1970) ==——s:coming out»t héorie (2007)

—Semi-empirique
Description macroscopigue (lois de comportement simples + modeles
analytiques): SUBATECH, Obs. de Paris, KVI

—Monte-Carlo élaboré

Codes CORSIKA, AIRES, CONEX ? & modeles semi-analytiques d’émission
radio: SUBATECH, LAL, LPSC

—Code dédié LOPES (T. Huege 2004)
Description microscopique de I'émission synchrotron (FZK)

Trouver les variables discriminantes!!
—Asymeétrie nord-sud ?
—Extension latérale ?

—Polarisation ? (longitudinale? Transversale?) (Mesure des états
de polarisations en cours sur CODALEMA)



T. Hugues 20C

(based on microscopic synchrotron calculations)

Frequency spectra @1®V

T
N 10 f o 10¢
T g NPTy
3 E
0 T T 45°
g g 70° ]
E 01 & 2 o
< g N s
CE‘]' 0.01 — C‘t*:ln 0.01
i) i = - 10 MHz O
E 0.001 | L. L SANATE &y 0.001 — S R E—- il
&5 10 100 0 100 200 300 400 500 600 700 800 900 1000
v [MHZ] distance from centre [m]
» Forvertical showers » Favourable for inclined
10 MHz: very coherent showers

. ggOMn'fz: coherence only up to ~, Approx. Exponential scaling

But frequency spectra seem not models discriminating
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most power in polarisation direction perpendicutar t
B-field and shower axes

But North-South asymmetry not predicted !?




,2mv) [wV m~1 MHz

T. Hugues: Scaling with F@10 MHz
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T. Gousset et al. (2004):Simulations de ge
horizontalegbasées sur des grandeurs macroscogiec_lues)

Détection a tres longue portée
« COne d’éclairement
« Amplitude + temps d’arrivée
« Détection de v?
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K. Werner et al. (2007)

(basés sur des grandeurs macroscopiques de 1g gerbe

2 ., Q, incluant;
—Extension longitudinale des

Intégration secondaires

pas a pas —Extension latérale

—Epaisseur de la galette

= Distribution en vy

*
*
*
*
*
*
*
*
*
“
*
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=VIision macroscopigue
de la source du champ

* ()  €lectrique: Courant
: dipolaire
(en cours de publication)

E(t,n)= 1/4e X, (1V3c?) g(t) .(R-Rv/c) + 1/4ec X, g'(t) (R-Rv/c) + 1/4mec 5, q(t') R (R-Rv/c)V’]
|RR.v/IcP (R-R.v/c) |IRR.V/cP |RR.v/cP




Experimental methodologies &
CODALEMA performances for
transients



La démarche expérimentale

«Simulation théorique: Informations
contenues dans la forme du signal

Amplitude (>1uV/m) => énergie
*Durée (~100 ns) =parametre d’'impact (b)
*Forme d’onde =mature des particules

E(uV/m)
00500 m
:?p, i

_ 300
Mesures expérimentales:

Trajectoire

Ant.

200

*Evts rares (trigger~1OHz)
100

*Analyse temporelle du signaldi¥ection
d’arrivé 0. —T 1.5 2 &.%

*Analyse de 'amplitude =Bxtraction de
I'énergie du primaire



La Recherche des Impulsions

e Impulsion => Signal a durée .« T
finie

 X(t)=t.exp(-t/tau)

=> gpectre large ban

e Filtre 0.5-5MHz

* Forme du transitoire
* beaucoup de puissapce

=2 énergie il
* Filtre 35-65MHz

 front de montée Hs
 peu de puissance

=2 information temporelle |
Mais le signal réel est dans du bruit: capteur, RFI

signal galactigue, etc...



T’he/CODA LEMA Techm,qw%/for TVOWWUL'

Nangay 1 120 MHz

A Expected shape ofashower transient
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Schema du Trigger radio de
CODALEMA @ Nancay

: Trigger
Filtre Leading
Passe—bande E dge
33-65 MHz

On line Trigger sur un

> sevil en amplitude
apres filtrage

analogique
Ant. Cable
Amp. LNA Mesure de la forme
0.1-250 MHz > d’'onde large bande
Gain 40 1(/sz (off-line fraitement
1 nV/Hz Flash ADC | du signal numérique)

1 GHz

Stratégie en 2 etapes:
1. Taux de trigger On-line >> Taux de transitoires E  AS...
2. EAS identifiés off-line par analyse de la forme d  ’onde utilisant
un critere de sélection par le nombre d’antennesto  uchées



Tra/mnemt recoa/m/t’ww

1 trigger antenna
voltage threshold on a
devoted filtered antenna

(33-65 MH2)

1 distant antenna (1 km)
@10-100 MHz

5 broad band antennas
(1-100 MH2)

With Flash ADC 8bits -
500 MS/s - 10us

After 33-65 MHz
off -line numerical
filtering

\mp de (V
g =k o -
m =&

1 3 | B e [t SRRt e e : __________ e I ___________ .T r|gger (SW)
1 | e PR S T e L T L e 3 R et
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Principe d 'extraction de la forme d ’onde large bande
via un filtrage FFT + une methode On-Off

Tension (V)
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02 L.
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—oPar fft sur la partie OFF :
Roff(f) ejCDoff(f)

Par fft sur la partie ON :
Ro(f) €199010

! Hypothese:

— Emetteurs RF stationnaire

— Signal recherché faible

=> Ron/off(f) = Ron(f) ) Roff(f)

—— :
o Par fit-t de R, n(f) e!®on®
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Principe d 'extraction de la forme d ’'onde large bande

-
=)
[

Envelop + fit (V/MHz)

via un filtrage FFT + un modele de transitoire

ON - OFF spectra || |

1 IEI 2IEI 3IEI 4I[I 5IEI 6IEI 7IEI 80
Frequency {MHz)
Transient Model +
Fit in the frequency
Space

£\

al (V)

al (V)

Recons

Complete raw sign
|

tructed sign

0.5

Signal + noise

Time {microseconds)

| il
0 0.2
Time {microseconds)

After
reconstruction
(full band)



New Wawveform Recovery at large Band

Extraction via Linear Predictive Coeficients

=>Partial shape:
full band
recovery need

complet filter ...

=>Time
resolution: ~ns
adding Wavelet
Analysis

(Adaptative optimal filtering)

1.5 T T T T T T T
| ' |
| Si
0.5+ . gna
0 WW N I (noise+ pulse)
-0.5F .
- 0 E-I.!I 0 1 C'ICIC- 1 E-ICIO 2|_'|I|:||_'| 25IIIH.'I HGIOO HSIOC- 40'00 4 E-IDO 5000
Temps
Signal N 5 aprés traitement
[ [ [ [ [ [ [ [
RIS
oss} { Remaining
o \ signal
=005 | | | | I | I I 1 1

2250 2300 2350 2400 2450 2500 2550 2800 2650 2700 2750
Temps



Trianqulation performances (1)

(using Solar bursts)

DAM sun survey gk ‘ .@m;;%
15/01/05 TRREH T

Time (UT} Start : OB {UT)
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\g A \[ Ti T,
DA ARRAY NANCAY GESERVATORY Time (U} DAH ARRAY NANCAY OBSERVATORY ime (U}

solar flare in active region
AR10720 on 2005 Jan. 15
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Triangulation performances (2)
(using Solar bursts)

30
4 2

Y (4 (4 Gt Antennes Gauches
§ o % Principle of the :
X Ol triangulation

Reconstructed

directions versus
sun ephemerids

(1)20 14‘10 11‘30 Azm:é?h (o) 260 22‘0
70 T
+  datal
____slhus*gaussienne
sigma=0.743
Distribution of the
Residues
Direction accuracy
0=0.74-
I




Number of events

Signal sensibility

sqrt(<viﬁ>) (mV)

Time evolution of the mean
ground floor
compared to

the galatic + Cas.A simulated
contributions seen through 45°
lobe antennas

Distributions of the ground
floor signal in the 40-70 MHz
band after cross calibration
of the antennas gains

540 + data .................. ........... ++ ............ i

— simulation

O s o s i

V meah (u)

0 5 10 15 20
Local Sideral Time (h)



log-antenna lobe (relative values, not dB)

Sky Coverage

from recorded radio events
(chance & EAS
coincidences)

onl line processing

-100 0 100
azimuth (0=south, 90=east)



CODALEMA EAS Results



Radiod

s lirigger capabnilities
( | ant. + narrow. D;UJ,J)
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* Primary particle energy : [l
total charge [ electric fiel



Expected Signal @ 107 eV

With Vertical shower @ small impact parameter @ Nancay

Following H. R. Allan (1971) : 7\ ~107 charges
Signal simulation: gl

€ox~150 pV/im E o) \
FWHM duration ~ 8 ns -

1 1 1 1 1 1 1
0 b3 10 hfis] 20 eisl an an 40
Time in ne

Narrow-band antennas

Small antenna array Flat

sform {({MHz)

D.0o1 £

0.0001 5 :
0 20 40 0 80 100

Our current setting @ Nangay Frequency n Mz




CODALEMA 2004-05 with spiral Ant.

DAM: (Decametric Array) of the

radio observatory of Nancay

spiral log periodic ant., 1-100 MHz
(3DDb), 901.0be, circular pol.

FILTERED IN 24-80 MHz
Waveform 8 bits, 500 MS/s, 10 us

TRIGGER: 4 Stations of
Scintillators (2 m 2?) in
coincidences

Signal recording + Time of fly
analysis

=> Reconstruction of the shower
directions

I;I scintillator

@ antenna

LS L3 L1 LO L2 Le

59 B8 2§ ©

=




CODALEMA 2007 setup with dipoles

L # Particles: 13 scintillator stations
*—'m Trugger : 5 central stations
- " Internal Showers : PM signal max
‘..ODALEM& @ Nangay: G 9
: - 9 N o SR for one of the 5 central stations
Radio: 14+2 dipoles

Scintillator
array

Arr'ay o o . ' _ . .’-: T Dipsleantenna
1-200 MHz Bl 2o ras it b SRR S g ok 1

aep K
-l
5
¢ i



Etalonnage Particules-Radio
Gerbe Gerbe

__G___e_m@_s_. incluse/: non incluse
"fion inclusés-.., 1017 ev [ 1018 eV

v

1600X600m | —

distance

’



Scintillator distributions (internal)

Shower arrival direction calculated with the
scintillator data

330 : 30

300 B0

'EEI

East 270 - ......... 90 West

0 10

210 ; 180

180
South

Shower energy deduced from scintillator data
(CIC method, precision 30 %)

=> Energy threshold ~ 101> eV

300

250

200
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100
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UU 100 200 300

¢ (degree)
Azimuthal distribution

800

600+

400¢

200}

UU 10 20 30 40 50 60

0 (degree)
Zenithal distribution
Limited at 6 < 50°



Statistic 2007

Effective time 170 days
(since december 2006)

Number of trigger (5 central stations) 33 795
(Counting rate= 1 evt/day)

With internal events (Energy Known) 18 354
With Radio coincidences (>= 3 antennas tagged) 613

...+ Atime < 200ns + Aang.< 20° 141 (Counting

rate=0.83 evts/day)

...+ Energy Known 43



Radio-particles time & Arrival direction

coincidences (for > 3 antennas flagged)

Sharp peak (< 100ns)

24
22

= EAS candidates

Flat distribution
= fortuitous events

sin(Aa).Gaussian
=> 0 = 4°

Reconstruction of EAS
arrival directions is
proved

via Radio-Detection.

20
18
16

10

4
2

%

20

0 -500 0 500 1000
Time difference {ns)

40 60 80 100
Angular difference (deq)

‘Antennas " direction — “Particles " direction



Electric Field topologies

Variable antenna multiplicity (limited array)

The entire shower development
IS seen by every antenna

T B L e T A o ] e e e e e e o
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: | S A & S particle
£ ground
| s density
Far Transient fluctuations
Ground Noise . . ‘
————t—

-a00 -400 -300 -200 -100 I 100 200 300 400 il

East-West axis distance [m)

Field topology is a desive criterion of selection
In stand alone mode




log radio pulse height/Nmu

O

Shower reconstruction

— 0.5

o0 80 100 120

Distance from shower center [m]

10

Log(E) [u V/m/MHz]

10

...............................................................................................

................................................................................................

| | | | | |
0 50 100 150 200 250 300 350/

Distance from shower axis [m]

Field Measurements
Upto600m @ ~ 10t eV




Enerqgy distribution & efficiency of radio

Histogram not corrected
for the acceptance

- o Full efficiency reached
I - L ] @ 10'8eV ?
" 62 T64 186168 17 172 174 178 Y7ac s : 5 : ‘

Log E IR O IO

=> But detection
efficiency depend on
the measured
polarisation?

Efficiency
=
(8, ]

CODALEMA Efficiency

D _e_i iR el i | I i
16.2 164 166 1638 17 17.2 174 176  17.8
Log E



Shower arrival directions

Arrival directions of the :
141 radio events f
detected in coincidence |
with the particle @/
detector array

East 270

Shower deficit in the south ;
Direction !l 160

South



Showers arrival directions / Energy

Es _____________ ______________ H ______ ______ } } _____________ __________ } ________ } _____________
P IS N R - ﬂ _____ } P —_— __________
1Y I T b ________ Eij ______ - ﬁ%&iii

Evidence for a geomagnetic effect
in the radio emission process ?

0 10 20 30 40 50 60 70

o (degree)

For the 41 « radio + internal
showers » with known energies
(30% accuracy with CIC method)

a : angle between GMF and
cosmic ray arrival direction

. o . g §
=>Strong constraints on the emission 0 gt
process model ?
=>Impose Full-polarisation detection ?

0.2

8 |

ORI [) S ....................... e ..... 5.
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8 0.05 5 oo, ..............................
=z %
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5 108 eV (from particle Det.)
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| versus frequency band 44-65 MHz
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, 23-44 MHz
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130 MHz
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Influence de la frequence

sur les informations physigues ?

Run=777 Evi=823 Theta=38.7242 Phi=31.634
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Tentative of enerqy estimation (1
(via the global features of the EAS)

In the shower frame:
E(d) = E,.exp(-d/d ,)

------
---------
e
ws®
“““
.
Ry
«*
Y
.

Shower™
axis

Shower

Charge Q Surfac ‘9{'

Y. geomagnetic angle fielg% 6

with the shower

Flux of Poynting

Ground
ELECTRIC FIELD at the CORE (cf. ALL‘A!\I) P2 S”;?::Sjtiifcmc field
=> E_imay ~ Eo - Sin (y) . Cos (zenith angle)-27-"

GAUSS FLUX (charge excess...) ??
=> Epjimay~ Q /€= E (d) . dS = E; . d2 ??

RADIATED ENERGY (geosynchrotron,...Poynting)  ??
=E imay~) P . dS=Eg?. dg2/sin?(y) ??



Tentative of energy estimation (2)

(very preliminary)

E, . dy? spectrum (a.u.) E,> . d 2/ sin? (y) spectrum (a.u.)

2 2

L R R S O O S P SN L A I S SO T SO S

! \ | i i \ \ .J g 0 ‘ : - ' ‘ |
10 x 10 i \ I | I ] \ I

’ w ! 1 2 e I 3% & 48 05 1 15 2 25 3 35 4 45
E..d” bin = 1.10" [y¥v “IMHz - ° . £ - - ‘
¢ W ! <16 (Eolsin[i)z.dibim2.105[!NZIMH22]

At present time: no clear correlation of E_, vS E articles
=> Need more statistics



LOPES EAS results
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LOPES 10: Results with KASCADE-Grande

£ o = uncertainties by radio signal fit only
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Present & futur developments
of the radio-detection
with
CODALEMA



Schedule @ NANCAY (ANR 2006-2008)

Evt by evt energy calibration <10 18eV before end of 2008

Setup of a 1 km? engineering §
array for a future giant
radio-detector (10x10 km? ’?)

4

Autonomous dipoles:

*rigger, _ { Current setup

~data taking (ADC Bl .13 Scintillators(trigger)
MATACQ 12 bits, Full B .14 Dipoles

Bandwidth 0-250 MHz)
*Time tagging

edata transmission,
spower supply

i ©2007 (autonomous dipoles) S




Signal simudation @ 10%° eV

Vertical shower (charge excess
only)
amplitude => énergy
duration => impact parameter
shape => Primary nature

.

SENSITIVE to XMAX

For detection at
large distance

Broad-band dipoles
+ Autonomous
+ self trigger

Charge Excess=10 %

E (LVim)

150}

1257

100}

i

50t

b=0.5 km

1000 ¢

500

100 ¢

50 ¢

1.5 5 2.5 3 35 tls

XMAX a0m

10 15 20 25 V(MHz)



Aluminium
dipole

antenna
Constant directivity Preamplifier
ASIC

Normalised gain in E and H plane versus the Elevation angle

Zenith 90

—&— E-plane, 30MHz

1 —&— E-plane, 1MHz 2 a ‘h : e T |I:"' -
120 60 —&— E-plane, 70MHz - s ! e N
—&— Hoplane, 30MHz | & - - L gl B AT i

—&— Hoplang, 1MHz
—&— Hoplane, TOMHz

+ ADC MATACQ (12 bits,
| up to 1 GS/s, 2500 Samples)
#| + Full Bandwidth (0-250 MHz)

YT — R S S—— 0 Floor



The CODALEMA Short active Dipole (2)

Interférométry Dipole-DAM
@ “RBW 1 khz
VBW 10 kHz
Ref -31 dBm (At 5B SWI 150 s I | | Correlatiop : Dipole vp.%eseuu Gauche
- 40
\l/| x l-50
wew Lo
o |
AMP.+Dip. | ;
l Ll M I
[l Y LA
| -110 N b Ak )
ADCHAMP.
-1 TV RPN YP I VY S S VVIVOR VSV R W WP TRT P AP i W W Py
» ADC
;tart 1 M 14.9 Miz/ Stop 150 M | | ' ' \ \
20 21 22 23
temps (UTC)
me 2 High sensitivity Very good astronomical

wide bandwidth performances on a wide band



Average Counting Rate at Nancay (Hz)

Trigger rate in 33 -65 band with 1 antenna

Knowledge of the transient radio background

10
DAQ Limit sAtmosphéric conditions
1 - Stormy Weather | *Day-Night modulations
B Human activities
-1 *
10 - B Solar activities
2 - Sz e
10 . .
0L N *Low rate < 1 Hz
: / S *100 % duty cycle
47
10 £ Quiet Night ’
107 | .
10 20 30 | Trigger with antenna

Trigger Level (Gsky)
|

IS possible
> | in stand alone mode

|
5mV 10 mV




RadioMeasurements aPAO

Test of radiodetection @ > 108 eV in coincidence with PAO
W3 Autonomous Self-Triggered Broad Band Dipoles
mOff-line coincidences with PAO
MElectric field extension
MEnergy Calibration @10 eV

Installed since No. 2007 @ PAO




Sky background @ PAOQO (2005)

NANGAY 1220 MHZ g i

.|Single antenna,, radio -triggered :
I Countihg ‘rate < 1Hz @ PAO R
. (gap note 2005 42) B

P NN . S | SR - .................... PAOSIte(Argentlna)l 120MHZ ..................................... ...................................... |




— DAM numerique (radiotelescope 2rsr + phasage
numerique + technigue du snapshot pour s’affranchir des
turbulences)

o Deétection EAS < 10 eV

* Imagerie

e Pulsar Giant pulses, Solar bur
showers (« a la HESS »)

' X
U

: 5

nknown sources ... Gamma




— Charged of Low energy? (Afagats gamma detector @
3200m, vertical showers at Kmax, @10%°-106 eV, in run
(Y Gallant LPTA)

Gamma "?’(« a Ia HESS » /radio’ Cerenkov pulses?

- field of vnew radlotelescop ? @ 1015eV)



Radio -Détection ala HESS vers 1012 eV ?

Cascode {photons m-2) ot 100m, radio vs. opticol

Telescope pointé (~mn d'arc @
RT de Nancay)

rodio; 1-5 CHz, Tm=500K

Détection du transitoire ¢ radio

I\
optical; 300-800 nm &

oM .

it E e siio anam Trigger et Analyse en forme
108 d’'onde ~ méthode CODALEM
108 Optical ” 8 Radio

regime regime

resononce
LY

|| 1 |||||||| 1 |||||||| 1 ||||||H 1 |||||||| 1 |||||||I
10'* 10" 10 10 10
cascade energy (eV)

Frequence ~ 1 GHz
Fond= 3 K°
—Tsys ~ 20 K®

2/10/2002



Detection of horizontal EAS

Noise events in a 2 ys window around
the particle trigger _ ,
(Anthropic + solar + storms +....?7?7) Radio / Trigger Acceptance

0.02

North

e SRS SN SR S— S -
R —— S WS S — [

e —— SN S W — S R

o
e o
(o] —
- ha

I

radio scint

0 10 20 30 40 50 60
Zenith angle (deg.)

Radio-detection could be in nature adapted to
the detection of atmospheric neutrinos ?



Détection de v horizontaux
Set-up: réseau etendu

—Détection a grande distance par la
propagation de 'onde EM

Cible atmospherique  gpras extinction de la gerbe
V entrants

Epaisseur équivaler e

~2001 E

Cible Terrestre
V sortants

—Détection de la gerbe de seconda
au dessus du détecteur et a faible dis

Under discussion but...
Scenario only suitable for T induced showers around 1018 eV



